Epsilonproteobacteria include physiologically and phylogenetically diverse members from a variety of habitats (for a review, see reference 40) such as the gastrointestinal tracts of animals (12) , sulfurous springs (3, 45) , activated sludge (50) , oil fields (17) , Antarctic Ocean water (5) , and deep-sea cold seep sediments (22, 30) . Deep-sea hydrothermal systems, however, may host the largest biomass and diversity of Epsilonproteobacteria on earth (39, 53) .
Based on recent culture-independent molecular ecological surveys, the predominant occurrence of Epsilonproteobacteria in global deep-sea hydrothermal systems has been demonstrated (10, 20, 31, 36, 42, 43, 54, 55) . As indicated in phylogenetic trees, most epsilonproteobacterial subgroups consist only of deep-sea epsilonproteobacterial rRNA gene clones obtained from planktonic, benthic, epilithic, and episymbiotic habitats with relatively low temperatures. More recently, the first endosymbiotic epsilonproteobacterium was discovered in a gastropod Alvinoconcha sp. endemic in deep-sea hydrothermal vents and has been added to the list of uncultivated deepsea Epsilonproteobacteria (51) . Despite the dominance and the expansive phylogenetic diversity of deep-sea Epsilonproteobacteria, their physiological properties and ecological roles remain unclear due to their strong resistance to cultivation.
The first successful isolation of previously uncultivated subgroups of deep-sea Epsilonproteobacteria was that of hydrogenoxidizing, thermophilic chemolithoautotrophs from nests of tube-dwelling polychaetes in deep-sea hydrothermal environments (1, 7, 34) . All these isolates were members of a phylogenetic subgroup (group D Epsilonproteobacteria) (35) . Subsequently, a number of deep-sea Epsilonproteobacteria representing nearly all of the previously uncultivated subgroups were isolated from a variety of habitats in geologically and geographically distinct hydrothermal fields (53) . Physiological characterizations of these isolates have provided a rough sketch indicating that most of the deep-sea Epsilonproteobacteria are hydrogen-and/or sulfur-oxidizing chemolithoautotrophs, and some phylogenetic subgroups are specified with distinctive physiological characteristics (1, 23, 24, 34, 35, 37-39, 53, 54, 58) . For instance, group D contains all strictly anaerobic, hydrogen-oxidizing, sulfur-or nitrate-reducing thermophiles (1, 34, 35, 53, 58) , and group A also has facultatively anaerobic, hydrogen-oxidizing thermophiles (38, 56) . Groups B, F, and G consist of metabolically versatile mesophiles utilizing various electron donors and acceptors (23, 24, 37, 39) .
The enzymatic and genetic characteristics of the carbon and energy metabolisms of deep-sea Epsilonproteobacteria have been investigated much less than their cellular physiological characteristics. Carbon assimilation by way of the reductive tricarboxylic acid (rTCA) cycle was first suggested for the marine epsilonproteobacterium "Arcobacter sulfidicus" (proposed name) based on the absence of ribulose 1,5-phosphate carboxylase (RubisCO) activity and the carbon isotopic fractionation between the cellular carbon and the inorganic carbon source (63) . Campbell et al. (8) and Campbell and Cary (9) demonstrated that genes for key enzymes of the rTCA cycle-ATPdependent citrate lyase (ACL) (aclB for the large subunit), pyruvate:ferredoxin oxidoreductase (porA for the ␣ subunit), and 2-oxoglutarate:ferredoxin oxidoreductase (oorA for the ␣ subunit)-were detected in epsilonproteobacterial DNA and RNA assemblages recovered from symbiotic and epilithic deep-sea hydrothermal vent habitats. Recently, Hügler et al. (21) demonstrated the first enzymatic and genetic evidence of operation of the rTCA cycle as autotrophic CO 2 fixation in the epsilonproteobacterial strains Thiomicrospira denitrificans and "Arcobacter sulfidicus," which are sulfur-oxidizing chemolithoautotrophs within group B isolated from the oxic-anoxic interface in coastal marine habitats. These results strongly suggested that the operative rTCA cycle might serve in a diversity of deep-sea Epsilonproteobacteria and might sustain the predominant primary production in situ. However, the energy metabolisms and the enzymatic identification of the rTCA cycle of cultured deep-sea Epsilonproteobacteria have not been thoroughly investigated. In this study, enzymatic and genetic characterizations of carbon and energy metabolisms were conducted for a variety of deep-sea epsilonproteobacterial isolates whose cellular physiological properties have been well characterized. Representative strains from widespread phylogenetic subgroups and physiological types were chosen which would most likely cover the carbon and energy metabolisms dominating in deep-sea hydrothermal microbial communities.
MATERIALS AND METHODS
Organisms and growth conditions. The taxonomic characteristics of the microorganisms used in this study and the cultivation conditions are summarized in Table 1 . All the microorganisms were isolated from deep-sea hydrothermal environments, and their cellular physiological properties have been described previously, except for "Sulfurimonas paralvinella" (proposed name) (23, 24, 37-39, 53, 56-58) . Although Nitratifractor salsuginis is able to oxidize elemental sulfur to sulfate during growth with molecular hydrogen as the energy source, sulfur does not solely support the growth of these organisms (39) . A phylogenetic tree of representative strains of Epsilonproteobacteria inferred from 16S rRNA gene sequences is shown in Fig. 1 , indicating that the deep-sea Epsilonproteobacteria examined in this study cover most of the phylogenetic subgroups within Epsilonproteobacteria (Fig. 1 ).
Cultures were harvested during late-exponential growth by centrifugation under anaerobic conditions, and the cells were washed twice with 100 mM Tris-HCl (pH 7.8), 500 mM NaCl, and 1 mM dithiothreitol (DTT). The cell pellets were preserved at Ϫ80°C under anaerobic conditions.
Preparation of cell extracts. The frozen cell pellets (1 g [wet weight]) were suspended in 3 ml of 100 mM Tris-HCl (pH 7.8) and 1 mM DTT. The cell suspensions were thoroughly disrupted by ultrasonification with acid-washed, autoclaved glass beads (diameter, 425 to 600 m) on ice and centrifuged at 20,000 ϫ g for 20 min at 4°C. Solid ammonium sulfate was added to the cell extracts (supernatant) to reach 80% saturation. After being stirred for 30 min, the extracts were centrifuged at 20,000 ϫ g for 20 min at 4°C. The pellets were dissolved in 100 mM Tris-HCl (pH 7.8) and 1 mM DTT and dialyzed against the same buffer. All the procedures were performed anaerobically under an N 2 gas atmosphere or with N 2 gas purging. After ammonium sulfate precipitation, the dialyzed fractions were used as cell extracts for enzyme activity characterization. Protein concentrations were estimated by using the NanoOrange Protein Quantification kit (Molecular Probes, Inc., Eugene, OR) according to the manufacturer's manual. Enzyme assays. All the enzyme activities described below were measured in triplicate. Reactions in the absence of the substrate and in the presence of heat-denatured cell extracts were used as the negative controls. Enzyme activity was measured in the same buffer system of 200 mM Tris-HCl (pH 7.8), 2 mM DTT, and 2 mM MgCl 2 with substrates, cofactors, and coupling enzymes. Temperatures for enzyme activity measurement are shown in Table 1 .
(i) ACL. ACL, a key enzyme of the rTCA cycle, was assayed spectrophotometrically according to Takeda et al. (59) . Reaction mixtures contained 2.5 mM ATP, 10 mM sodium citrate, 0.25 mM NADH, and 10 U ml Ϫ1 of malate dehydrogenase (from porcine heart [Sigma, St. Louis, MO] for 25, 30, and 37°C; from Thermus flavus [Sigma] for 50 and 55°C) as a coupling enzyme.
(ii) POR and OGOR. Pyruvate:acceptor oxidoreductase (POR) and 2-oxoglutarate:acceptor oxidoreductase (OGOR), reversible CO 2 assimilation enzymes of the rTCA cycle, were assayed spectrophotometrically according to Shiba et al. (47) . Reaction mixtures contained 0.25 mM coenzyme A (CoA), 5 mM methyl viologen (MV), and 10 mM sodium pyruvate for POR or 10 mM sodium oxoglutarate for OGOR.
(iii) ICDH. Isocitrate dehydrogenase (ICDH), a reversible CO 2 assimilation enzyme of the rTCA cycle, was assayed spectrophotometrically according to Shiba et al. (46) . Reaction mixtures contained 10 mM sodium oxoglutarate, 10 mM sodium bicarbonate, and 0.25 mM NADH.
(iv) PEPC and PC. Phosphoenolpyruvate carboxylase (PEPC) and pyruvate carboxylase (PC), anaplerotic (replenishing) CO 2 assimilation enzymes related to the rTCA cycle, were assayed spectrophotometrically according to Shiba et al. (46) and Takai et al. (52) . Reaction mixtures contained 10 mM sodium bicarbonate, 0.25 mM NADH, 10 mM sodium phosphoenolpyruvate for PEPC or 10 mM sodium pyruvate for PC, and 10 U ml Ϫ1 of malate dehydrogenase (from porcine heart [Sigma] for 25, 30, and 37°C; from Thermus flavus [Sigma] for 50 and 55°C) as a coupling enzyme.
(v) RubisCO. RubisCO, a key CO 2 assimilation enzyme of the Calvin-Benson cycle, was assayed by spectrophotometry and high-performance liquid chromatography (HPLC) according to Ezaki et al. (13) and Maeda et al. (32) , respectively. For the spectrophotometric assay, reaction mixtures contained 2.5 mM ATP, 10 mM sodium bicarbonate, 0.25 mM NADH, 10 mM sodium ribulose 1,5-bisphosphate, 40 U ml Ϫ1 of 3-phosphoglycerate phosphokinase (Sigma), 20
U ml Ϫ1 of triose-phosphate isomerase (Sigma), 10 U ml Ϫ1 of glyceraldehyde-3-phosphate dehydrogenase (Sigma), and 10 U ml Ϫ1 of glycerophosphate dehydrogenase (Sigma) as coupling enzymes. For the HPLC assay, reaction mixtures contained 10 mM sodium bicarbonate and 10 mM sodium ribulose 1,5-bisphosphate. Periodically, reduction of ribulose 1,5-bisphosphate and generation of 3-phosphoglycerate were analyzed by ion chromatography using a Shim-pack IC column (Shimadzu, Kyoto, Japan).
(vi) Hydrogenase. Soluble hydrogenase, a hydrogen uptake hydrogenase, is derived from cytoplasmic [NiFe] hydrogenase (group III) and/or from membrane-anchored, periplasmically oriented [NiFe] hydrogenase (group I). The activity was assayed spectrophotometrically according to Ishii et al. (25) . Reaction mixutures contained 5 mM methyl viologen or 0.25 mM NAD under H 2 gas (100%, 1 atm).
(vii) TSO. Thiosulfate-oxidizing enzymes (TSO), catalyzing the oxidation of thiosulfate to tetrathionate (thiosulfate:acceptor oxidoreductase) or sulfite (rhodanese), were assayed spectrophotometrically according to Tuttle et al. (61) Radioisotope labeling experiment. Cell extracts (final concentration, 1 mg of proteins ml Ϫ1 ) of Hydrogenimonas thermophila and Lebetimonas acidiphila were incubated with radioisotope-labeled sodium bicarbonate (NaH 14 CO 3 ) (100 Ci ml Ϫ1 ) in a 3-ml reaction mixture containing 200 mM Tris-HCl (pH 7.8), 2 mM DTT, 2 mM MgCl 2 , 10 mM succinyl-CoA, 10 mM sodium bicarbonate, 0.5 mM NADH, and 5 mM ATP under H 2 gas (100%, 1 atm). Reactions were started by addition of the cell extract, reaction mixtures were incubated at 55°C for 5 min, and reactions were stopped by addition of 2 ml of 5 N H 2 SO 4 . After the free CO 2 was expelled, 20 ml of 100% methanol was added to the mixture. After centrifugation of the mixture, the supernatant (methanol-soluble fraction) was collected and evaporated.
The dry samples were resuspended in 400 l of distilled, deionized H 2 O, and
Phylogenetic tree of representative strains of Epsilonproteobacteria inferred from the 16S rRNA gene sequences by the neighbor-joining method using 1,105 homologous sequence positions for each organism. The phylogenetic tree was constructed as described previously (38) . The deep-sea epsilonproteobacterial strains examined in this study are boldfaced. Bootstrap values of Ͼ50% for the branches are shown (based on 100 replicates). Bar, 1 substitution per 100 nucleotides. Database accession numbers are given in parentheses. Zymogram of soluble hydrogenases. In order to check the number of soluble hydrogenases in Epsilonproteobacteria, zymograms of soluble hydrogenase in native polyacrylamide gel electrophoresis (PAGE) were conducted. Cell extracts (100 g protein) were run in a 4 to 20% (wt/vol) gradient native polyacrylamide gel (Bio-Rad, Hercules, CA). After electrophoresis, the gel was incubated with a reaction mixture containing 200 mM Tris-HCl (pH 7.8), 2 mM DTT, 2 mM MgCl 2 , and 5 mM methyl viologen under H 2 gas (100%, 1 atm) at 37°C. The hydrogenase activity was visualized by reduction of methyl viologen under anaerobic conditions. Kaleidoscope prestained standards (Bio-Rad) were used as a protein molecular weight standard.
Extraction of genomic DNA. Genomic DNAs of all the Epsilon-and Gammaproteobacteria were prepared from the cell pellets (0.5 g [wet weight]) as described by Marmur and Doty (33) .
PCR amplification and sequencing of genes for the rTCA and Calvin-Benson cycles. PCR amplification of genes for key rTCA cycle enzymes was initially based on previously designed primers (8, 9) . For this study, we designed degenerate primers to amplify longer segments of the ACL ␤ subunit gene (aclB), the OGOR gene (oorAB), and the POR gene (porAB) than those described previously. Primer design was based on amino acid alignments for at least three phylogenetically distinct Epsilonproteobacteria. The primers used in this study include aclB275F (5Ј-TAGAGGATGCRGCTAAWTGGATTGATGA-3Ј) and aclB1204R (5Ј-GTTGGGGCCRCCWCKKCKNAC-3Ј), oorA67F (5Ј-TTCTTC GCTGGGTAYCCNATHACNCC-3Ј), oorA177R (5Ј-CATACCAGCTATYTC RTCYTCCATYTG-3Ј), oorA345R (5Ј-CTTGCAGCCTGTNGGMAKNCCNG T-3Ј), and oorB68R (5Ј-CCRCANCCCCARCACCA-3Ј); and porA100F (5Ј-GC AGCTCGTAGCNTATCCNATHACNCC-3Ј), porA658F (5Ј-GCTGCAGARG AAGANTGGCATT-3Ј), porA900F (5Ј-GATCAGGTCCTTCAGNCCNTTCC C-3Ј), porA1101R (5Ј-RTCICTTYCICCIARACC-3Ј), and porB230R (5Ј-TTTT CRAANCCRATRTGSATCCAAG-3Ј). Primers for amplification of the form I RubisCO gene (cbbL) were modified from previous primers, whereas the form II gene (cbbM) primers were as described previously (9) . The cbbL primers include cbbL379F (5Ј-GACCAGTCGGYAAYGTNTTYGGNTTYAA-3Ј) and cbbL634R (5Ј-CTGACCAGTCTNAYRTTYTCRTCRTCYTT-3Ј). PCR conditions were as described for aclB (8) with the following changes in annealing temperatures: aclB at 54°C, porA at 49°C, oorA at 52°C, and cbbL at 54°C. All amplifications were performed on a Robocycler 96 (Stratagene) as described previously (8) . Not all strains amplified with all primer sets, as outlined in Table 2 . Those amplicons with the expected sizes (except for the oorA67F-177R amplicons) were excised from 1% agarose gels (in 0.5ϫ Tris-borate-EDTA) and eluted with a QiaexII DNA elution kit by following the manufacturer's protocol (QIAGEN, Valencia, CA). The amplification products were subsequently sequenced as described previously by using primers to the appropriate gene (8) . The oorA67F-177R products were first cloned into a TA-TOPO vector and subsequently sequenced as described previously (8) .
PCR amplification and sequencing of genes for soluble hydrogenase. For this study, we designed degenerate primers to amplify genes encoding HydAB (HynSL) (6, 62) . Primer design was based on amino acid alignments for group I hydrogenases from a variety of phylogroups of Bacteria (6, 62) . The primers used in this study include hynS330F (5Ј-GARCCWAAYTTYTGGGAYAC-3Ј), hynL110F (5Ј-GTSCAYTTYTAYCASTTACA-3Ј), hynL410R (5Ј-GGSGGYTT GATCCASGWRTAYTT-3Ј), and hynL630R (5Ј-CASGCGAWGCASGGRTC RAA-3Ј).
Reaction mixtures were prepared in which the concentration of each oligonucleotide primer was 0.4 M and that of the DNA template was 100 ng l Ϫ1 . Thermal cycling was performed using the GeneAmp 9700 (Applied Biosystems, Foster City, CA) under the following conditions: denaturation at 96°C for 25 s, annealing at 45°C for 45 s, and extension at 72°C for 120 s for a total of 25 cycles. Not all strains amplified with all primer sets, as outlined in Table 2 . Those amplicons with the expected sizes were excised from 1% agarose gels and purified by means of a Gel Spin DNA purification kit (MoBio, Carlsbad, CA). The amplification products were directly sequenced by the dideoxynucleotide chain termination method using a dRhodamine sequencing kit and an ABI Genetic Analyzer 3100 (both from Applied Biosystems).
Phylogenetic analysis. Nucleic acid sequences were translated and aligned to the related sequences obtained from the GenBank/EMBL/DDBJ database in the DNASTAR sequence analysis program using Clustal W. Neighbor-joining distance trees as well as bootstrapped protein parsimony trees (based on 100 replicates) were generated with the PHYLIP package in GDE as described previously (8) . Similarity matrices were generated in PHYLIP using the amino acid similarity matrix algorithm. Trees were generally based on alignments of somewhat less than the full-length amplified region. Insertions and deletions were not included in the calculations. Trees were viewed in Treeview X, version 0.4.1 (http://darwin.zoology.gla.ac.uk/ϳrpage/treeviewx/). 
a ϩ, PCR amplification was successful; Ϫ, PCR amplification was unsuccessful; S, fragments that were sequenced. b These DNA fragments were cloned, and 25 clones of the library constructed by each primer set were sequenced.
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Nucleotide sequence accession numbers. All sequences have been deposited in the GenBank/EMBL/DDBJ database with the following accession numbers: AY929800 to AY929823 (rTCA cycle genes), AY958067 to AY958069 (cbbM and cbbL), and AB206664 to 206668 (hynS and hynL).
RESULTS
Enzymatic activities of carbon metabolisms. The key enzymatic activities of potential CO 2 assimilation pathways were examined in cell extracts prepared from chemolithoautotrophically grown deep-sea Epsilon-and Gammaproteobacteria (Table 3). Activities of ACL, the key enzyme of the rTCA cycle, were detected in all the deep-sea Epsilonproteobacteria but not in the gammaproteobacterium Thiomicrospira thermophila ( Table 3 ). The primary CO 2 assimilation enzymes of the rTCA cycle, OGOR and POR, were also found among all the deepsea Epsilonproteobacteria but not in T. thermophila (Table 3) . Since the OGOR and POR reactions are reversible, the occurrence of these enzyme activities does not always indicate the operation of the rTCA cycle. However, the concurrence of ACL, OGOR, and POR activities strongly suggests an operative rTCA cycle in these deep-sea Epsilonproteobacteria. In contrast, all the deep-sea Epsilonproteobacteria tested lacked RubisCO activity, the key enzyme of the Calvin-Benson cycle, while T. thermophila had RubisCO activity (Table 3) . Other CO 2 assimilation enzymes associated with the rTCA cycle, such as ICDH, PEPC, and PC, were also measured. Most of the deep-sea Epsilonproteobacteria had relatively lower but evident ICDH activity for the reductive reaction, whereas all of them lacked the replenishing CO 2 -assimilating PEPC and PC activities (Table 3 ). Compared to the specific activities of rTCA cycle enzymes in Thiomicrospira denitrificans and "Arcobacter sulfidicus" reported by Hügler et al. (21) , all the deepsea Epsilonproteobacteria represented similar specific activities of ACL but much higher specific activities of OGOR and POR (Table 3 ). The higher specific activities of OGOR and POR might have been obtained due to the anaerobic preparation of cell extracts in this study. Indeed, exposure of cell extracts to air reduced the specific activities of OGOR and POR, although no quantitative data were retrieved. In contrast, the ICDH specific activities of the deep-sea Epsilonproteobacteria were lower than those in T. denitrificans and "Arcobacter sulfidicus" (Table 3 ). Since Hügler et al. reported that epsilonproteobacterial ICDH was NADP or NADPH dependent (21), the absence or the low level of ICDH specific activity could be caused by miscoupling with NADH as a cofactor in this study.
In the comparison of CO 2 assimilation enzyme activities among the deep-sea Epsilonproteobacteria, different patterns were found. H. thermophila, Sulfurimonas autotrophica, "S. paralvinella," and N. salsuginis had much higher specific activities of OGOR than of POR, while L. acidiphila and Thioreductor micantisoli had specific activities of POR higher than or similar to those of OGOR (Table 3) . Although it is still unclear how the different modes of two major CO 2 assimilation enzyme activities are involved in the cellular physiological differences of the deep-sea Epsilonproteobacteria, POR might be a key enzyme controlling the fate of acetyl-CoA, directing it to either gluconeogenesis or fatty acid synthesis. This is also the decisive step for the stable carbon isotopic disproportionation between the cellular carbon and fatty acid carbon components, as previously demonstrated (51) .
Radioisotope labeling experiment. The cell extracts of H. thermophila and L. acidiphila were incubated with radioisotope-labeled sodium bicarbonate (NaH 14 CO 3 ) with succinylCoA, Mg ATP, and NADH under H 2 gas (100%, 1 atm), and the reaction products were analyzed by HPTLC. Citrate, pyruvate, and acetyl-CoA were identified as the major products (62), soluble hydrogenase activity was examined by using MV or NAD as an acceptor. The acceptor:MV hydrogenase activity was detected in many of the deep-sea Epsilonproteobacteria tested ( Table 3 ). The occurrence of soluble hydrogenase activity was clearly restricted to the hydrogen-oxidizing Epsilonproteobacteria ( Table  3 ).
The energy metabolisms of reduced sulfur compounds are completely unknown within the Epsilonproteobacteria. Some deep-sea Epsilonproteobacteria obtain energy solely by the oxidation of reduced sulfur compounds, in most cases via complete oxidation to sulfate (23, 24) . In this study, we focused on TSO and sulfite oxidation pathways. TSO include enzymes catalyzing the oxidation of thiosulfate to tetrathionate (thiosulfate:acceptor oxidoreductase) or to sulfite (rhodanese). While the involvement of rhodanese in respiratory sulfur-oxidizing metabolism has been questioned, thiosulfate:acceptor oxidoreductase might play an important role in the sulfur oxidation of various sulfur-oxidizing chemolithoautotrophs (14, 15, 28) . In addition, the complete oxidation of the reduced sulfur compounds to sulfate could accompany the enzymatic oxidation of sulfite. For the oxidation of sulfite, direct and indirect pathways are known, and SOR and APSR catalyze direct and indirect sulfite oxidation, respectively (27) .
Among the deep-sea Epsilonproteobacteria tested, SOR activity was detected in many but neither APSR nor TSO activities were found (Table 3 ). In contrast, T. thermophila had both APSR and TSO activities but no SOR activity ( Table 3) . As observed with soluble hydrogenase activity, SOR activity was detected only in deep-sea Epsilonproteobacteria that were able to oxidize reduced sulfur compounds concomitantly with growth.
Zymogram of soluble hydrogenases. In order to check the isoform of soluble hydrogenase in deep-sea Epsilonproteobacteria, zymograms of soluble hydrogenase in native PAGE were conducted (Fig. 2) . The hydrogen-oxidizing deep-sea Epsilonproteobacteria other than H. thermophila had single soluble hydrogenases (Fig. 2) . H. thermophila had a high-molecularweight and a low-molecular-weight hydrogenase (Fig. 2) . Although the predicted molecular weight in the native PAGE was not precise, it is possible that the molecular weights of these two types of hydrogenase correspond to the molecular weights of two hydrophilic subunits of previously identified HydAB (HynSL) from the Epsilonproteobacteria. Alternatively, the two types of hydrogenase shown in the native PAGE may represent the presence or absence of an additional small subunit such as cytochrome b (6) . The zymogram experiment indicated that at least one soluble hydrogenase was commonly Genetic characterization of carbon metabolisms. PCR amplification of the genes for ACL (aclB), POR (porAB), OGOR (oorAB), and RubisCO (cbbL and cbbM) was performed on these deep-sea Epsilon-and Gammaproteobacteria (Table 2) . Although not all primer sets amplified all Epsilonproteobacteria, gene fragments of aclB, porAB, and oorAB were successfully recovered from the deep-sea Epsilonproteobacteria (Table  2) . No gene fragments of cbbL or cbbM were amplified from the deep-sea Epsilonproteobacteria. In contrast, no gene fragments of aclB, porAB, or oorAB were recovered from the genomic DNA of T. thermophila, but gene fragments of both cbbL and cbbM were recovered ( Table 2 ). The amplification pattern of gene fragments completely matched the activity pattern of the enzymes among all the deep-sea Epsilon-and Gammaproteobacteria. This provides clear evidence of carbon assimilation via the rTCA cycle in the deep-sea Epsilonproteobacteria on both the enzymatic and genetic levels.
Phylogenetic analyses of the gene sequences of ACL, POR, and OGOR demonstrated topologies which differed from that inferred from the 16S rRNA gene sequences (Fig. 3) . As indicated in Fig. 1 , the phylogenetic tree based on the 16S rRNA gene sequences revealed distinctive affiliations for subgroups of the Epsilonproteobacteria. In the phylogenetic tree of aclB, however, group B (T. denitrificans), group F (Sulfurovum lithotrophicum and N. salsuginis), and group G (T. micantisoli) were clustered together (Fig. 3A) , and in the porA tree, phylogenetic affiliations of group D and group G, group F and "Arcobacter sulfidicus," and group A and Helicobacter and Wolinella species were demonstrated (Fig. 3B) . Although the phylogenetic tree of oorA was constructed based on very small protein fragments (35 amino acids) and was not statistically reliable, the tree topology was also different from that of the 16S rRNA genes (Fig. 3C) . The phylogenetic analyses of aclB and porA provided important insights into the phylogenetic affiliation of the environmental clones with the cultured deep-sea Epsilonproteobacteria. Most of the environmental clones previously recovered from Alvinella pompejana tubes and chimneys were phylogenetically associated with groups B, D, F, and G in the aclB tree and with groups D and F in the porA tree (Fig. 3) . In cultureindependent molecular phylogenetic surveys using 16S rRNA genes, a diversity of environmental rRNA gene clones were, for the most part, affiliated with groups B, D, and F (10, 20, 31, 36, 42, 43, 54, 55) . The sequences of the rTCA cycle genes from the deep-sea Epsilonproteobacteria would be a good phylogenetic index for identifying the environmental clones of the genes.
Genetic characterization of hydrogenase. Based on previous genetic and physiological studies of the hydrogen respiration of the epsilonproteobacterium Wolinella succinogenes, it was demonstrated that a [NiFe] hydrogenase with two hydrophilic subunits (HydA and HydB) and one hydrophobic subunit (HydC) was the only hydrogenase in W. succinogenes (18, 19) . In addition, the results of genome-sequencing analyses of four Epsilonproteobacteria, Helicobacter pylori strain 26695 (60), H. pylori strain J99 (2), Campylobacter jejuni strain NCTC11168 (41) , and W. succinogenes strain DSMZ1740 (4), showed that the hydABCD operon (presently proposed as the hyn operon) (62) is the only gene cluster encoding hydrogen uptake within the Epsilonproteobacteria. Since most of the deep-sea Epsilonproteobacteria tested in this study contained at least one soluble hydrogenase, as suggested from the results of the zymogram assay (Fig. 2) , we assumed that the soluble hydrogenases were potential hyn operon-encoded group I hydrogenases and examined the occurrence of hynS and hynL genes in the deep-sea Epsilonproteobacteria tested (Table 2) .
Primer sets designed to bridge hynS and hynL genes were used to successfully amplify the gene fragments of hynS and hynL from the genomic DNAs of H. thermophila, "S. paralvinella," and N. salsuginis ( Table 2 ). The hynL fragments of L. acidiphila and T. micantisoli were also recovered by using hynL-targeting primers ( Table 2 ). Gene fragments of hynS and hynL were not amplified from the deep-sea Epsilon-and Gammaproteobacteria lacking soluble hydrogenase activity and cellular hydrogen oxidation ability ( Table 2) . Since H. thermophila showed two soluble hydrogenases in the native PAGE (Fig. 2) , the gene fragments amplified by all primer sets for H. thermophila were cloned and 25 clones of each primer set were sequenced. All the DNA sequences matched the DNA sequence of the longest fragment (data not shown). Hence, the hyn operon might be present singly in the genomic DNA of H. thermophila. The PCR amplification patterns of the hynS and hynL genes provided evidence that the hydrogen-dependent energy metabolism of the deep-sea Epsilonproteobacteria may be genetically attributed to the occurrence of the hyn operon.
Phylogenetic analysis of the hynL gene sequences indicated a novel phylogenetic trait of the group I hydrogenase: hynL sequences from the gammaproteobacteria Photobacterium damselae and Shewanella oneidensis were grouped within the epsilonproteobacterial hynL sequences (Fig. 4) . Since other gammaproteobacterial hynL sequences, such as those from Methylococcus capsulatus and Thiocapsa roseopersicina, were not clustered with the epsilonproteobacterial hynL, these gammaproteobacterial hynL sequences were most likely derived from the epsilonproteobacterial hynL by means of lateral gene transfer. The deepest lineage of epsilonproteobacterial hynL consisted of group A (H. thermophila), group B ("S. paralvinella"), and group F (N. salsuginis), and the other lineage included group D (L. acidiphila) and group G (T. micantisoli). As with the phylogenetic trees of the aclB, porA, and oorA genes, the phylogenetic affiliation of the deep-sea epsilonproteobacterial hynL was considerably different from that of the 16S rRNA genes (Fig. 4) .
DISCUSSION
Comprehensive analyses of carbon and energy metabolisms were performed for a variety of phylogenetic subgroups of chemolithoautotrophic Epsilonproteobacteria isolated from deep-sea hydrothermal environments. Cellular physiological characterizations of these recently isolated deep-sea Epsilonproteobacteria have provided important insights into carbon and energy utilization profiles (1, 23, 24, 34, 35, 37-39, 53, 56, 58) . Most of the deep-sea Epsilonproteobacteria are strict chemolithoautotrophs and use molecular hydrogen and/or reduced sulfur compounds as energy sources. However, the enzymatic and genetic aspects of the carbon and energy metabolisms of these deep-sea Epsilonproteobacteria had not been characterized until this study. Based on the absence of (21) demonstrated the first enzymatic and genetic evidence of operation of the rTCA cycle as autotrophic CO 2 fixation in the marine chemolithoautotrophic epsilonproteobacterial strains Thiomicrospira denitrificans and "Arcobacter sulfidicus." Based on these results, it has been strongly suggested that the operative rTCA cycle might serve as a carbon assimilation pathway of the deep-sea Epsilonproteobacteria. In this study, the activities of the key enzymes of the rTCA cycle were determined for representative isolates of deep-sea Epsilonproteobacteria. Gene fragments of aclB, porAB, and oorAB were also recovered from each of the deep-sea Epsilonproteobacteria. The results provide strong enzymatic and genetic evidence of the operation of the rTCA cycle for primary production in the Epsilonproteobacteria tested and suggest that it occurs among all deep-sea chemolithoautotrophic Epsilonproteobacteria. In addition, Thiomicrospira thermophila, a member of the Gammaproteobacteria that has been historically cultivated as a predominant sulfur-oxidizing chemolithoautotroph in deep-sea hydrothermal systems (26, 44, 58) , was examined in parallel. This gammaproteobacterium had RubisCO activity and the cbbL and cbbM genes but lacked both rTCA enzymes and genes. Since these deep-sea Epsilon-and Gammaproteobacteria likely inhabit similar niches in relatively low temperature mixing zones, key genetic or proteomic tools described in this study could be used to differentiate carbon assimilation pathways in order to estimate the ecophysiological functions of the deep-sea Epsilon-and Gammaproteobacteria, as partly demonstrated by Campbell and Cary (9) . Furthermore, as new rTCA cycle gene sequences from a variety of phylogenetically distinct cultured deep-sea Epsilonproteobacteria become available, molecular ecological surveys of deep-sea hydrothermal habitats will be more efficiently performed via phylogenetic comparisons to closely related isolates whose cellular physiological properties are known.
The enzymatic and genetic aspects of energy metabolisms of deep-sea Epsilonproteobacteria have been much less characterized than those of carbon metabolisms. The hydrogen-dependent energy metabolism of the hydrogen-oxidizing, anaerobically respiring epsilonproteobacterium Wolinella succinogenes has been determined (29, 48) . In W. succinogenes, it was demonstrated that a membrane-anchored, periplasm-oriented [NiFe] hydrogenase with two hydrophilic subunits (HydA and HydB) and one hydrophobic subunit (HydC) was the only hydrogenase (18) . In addition, throughout the genome sequences of four Epsilonproteobacteria, Helicobacter pylori strain 26695 (60), H. pylori strain J99 (2), Campylobacter jejuni strain NCTC11168 (41), and W. succinogenes strain DSMZ1740 (4), the hyn operon (62) was the only gene found encoding group I [NiFe] hydrogenases. In this study, the soluble acceptor:MV hydrogenase activity was detected only in the hydrogen-oxidizing deep-sea Epsilonproteobacteria (Table 3) and was identified as a single isozyme in all the isolates other than H. thermophila (Fig. 2) . The genetic incidence of the hyn operon completely matched the enzymatic incidence of the soluble hydrogenase, and both hydrogenase activities and genes were found only in the deep-sea Epsilonproteobacteria capable of growing by hydrogen oxidation (Tables 2 and 3 ). Based on the culture-dependent and -independent characterizations of the distribution, diversity, and metabolic versatility of deep-sea Epsilonproteobacteria, Nakagawa et al. (39) have demonstrated the lack of substantial correlation between the utilization of electron donors/acceptors and 16S rRNA phylogeny, particularly with strains of groups A, B, and F. In addition, the im-portance of molecular hydrogen as the principal energy source for deep-sea Epsilonproteobacteria has been demonstrated (39) . Thus, the hyn operon has great potential for genetic elucidation of hydrogen-dependent energy metabolisms within the complex in situ communities of deep-sea Epsilonproteobacteria.
The enzymatic characterization in the present study also provides new insights into energy metabolisms of reduced sulfur compounds in the deep-sea Epsilonproteobacteria. Recently, increasing knowledge of sulfur oxidation mechanisms has been accumulated, mostly by genome-sequencing analyses with Paracoccus and Rhodopseudomonas species within the Alphaproteobacteria and Allochromatium and Acidithiobacillus species within the Gammaproteobacteria (14, 15, 27) . Several potential pathways for the oxidation of reduced sulfur compounds, linked with the Sox system, the oxidative dissimilatory sulfite reductase (DSR) reaction, and sulfite oxidation systems such as SOR, APSR, and ATP sulfurylase, have been proposed for these sulfur-oxidizing bacteria (14, 15, 27) . However, even after the genome-sequencing analyses of four Epsilonproteobacteria (2, 4, 41, 60) , no potential homologs for the Sox families, DSR, or APSR have been identified. In this study, we focused on the TSO and the sulfite oxidation pathways, because some of the sulfur-oxidizing isolates of deep-sea Epsilonproteobacteria obtain energy preferentially by the oxidation of thiosulfate to sulfate (23, 24) . The sulfur-oxidizing deep-sea Epsilonproteobacteria had SOR activity for the direct sulfite oxidation pathway but no APSR activity for the indirect pathway. The incidence of SOR activity was restricted to the deepsea Epsilonproteobacteria capable of energy metabolism with reduced sulfur compounds. However, they lacked TSO activity. In contrast, T. thermophila had both APSR and TSO activities but no SOR activity. As in the case of carbon dioxide and molecular hydrogen metabolisms, the incidence of the sulfurmetabolizing enzyme activities can probably be attributed to the incidence of the genes coding for each of the enzymes in deep-sea Epsilon-and Gammaproteobacteria.
The present study significantly strengthens the enzymatic and genetic aspects of deep-sea epsilonproteobacterial carbon and energy metabolisms, although genetic characterization of the sulfur oxidation mechanisms must still be conducted. The metabolisms of the deep-sea Epsilonproteobacteria were significantly different from that of the chemolithoautotrophic gammaproteobacterium, even though they occupy similar niches within deep-sea hydrothermal environments. This study demonstrates the utility of enzymatic and genetic testing to specifically characterize the ecophysiological functions of these chemolithoautotrophic epsilon-and gammaproteobacterial components, which most likely sustain not only unique microbial communities but also chemosynthetic faunal communities in various physical and geochemical niches in deep-sea hydrothermal environments. As demonstrated currently by Suzuki et al. (51) and recently by Campbell et al. (8) , the deep-sea Epsilonproteobacteria could also play an important role in endo-and episymbiotic primary production in certain chemosynthetic animals endemic in hydrothermal vents. Our work provides insights important for the elucidation of ecophysiological functions of deep-sea Epsilonproteobacteria in complex biogeochemical processes that occur in deep-sea hydrothermal environments.
